ABSTRACT In this paper, we study a cooperative wireless relay network in which multiple sourcedestination pairs communicate via a decode-and-forward relay, which harvests energy from the source transmissions in the presence of an interfering signal. The goal is to efficiently distribute the relay's power among the different relay-destination (R − D) links. The outage probability and the throughput in the delaysensitive transmission mode are derived for the non-shared and several shared power allocation schemes. Numerical results show that the studied shared allocation schemes outperform the non-shared allocation scheme in terms of outage probability and throughput. Different shared allocation schemes are compared against each other in terms of outage probability, throughput, and fairness. The R − D channel dependent and the weighted-sum-rate maximization schemes achieve the best outage and throughput performances but require knowledge of the statistical channel state information at the relay node. The results also illustrate the tradeoff between the throughput and fairness of the different shared allocation schemes.
I. INTRODUCTION
Limited device battery life has always been a key concern in the design of wireless communication systems. Energy harvesting, i.e., capturing energy from external sources in the environment, has been proposed as a promising solution to this problem. This technology has received significant attention recently specially with the emergence of miniature electronics devices and low power wireless sensor network (WSN) systems, in which the lifetime of the node batteries can severely limit their applications [1] . The benefits of energy harvesting arise in applications where the charging of the batteries is a major problem, e.g., when the wireless nodes are located in difficult to access environments or a large number of wireless nodes are distributed in a wide area.
Various sources of renewable energy such as solar, mechanical, wind and thermal energy can be used to power wireless communication devices [1] - [3] . However, one common problem with energy harvesting from such sources is its random nature. Energy availability variations with location, time or environmental conditions make resource allocation in such systems very challenging. Recently, wireless energy transfer has been proposed for radio frequency (RF) energy harvesting in wireless communication systems through a paradigm referred to as simultaneous wireless information and power transfer (SWIPT) [4] , [5] . In SWIPT, the RF energy transfer and information transmission are performed at the same time, which is possible since RF signals carry both energy and information simultaneously.
An ideal receiver design which can simultaneously extract power and decode information from the same received signal was considered in [6] , [7] . However, the assumption of simultaneous information decoding and energy harvesting from the same received signal in [6] , [7] was found to be unrealistic [8] . It was found in [8] that practical circuits used for harvesting energy from the RF signals are not able to directly decode the information carried by the signal. This is due to the losses incurred in the current circuit designs which make the energy carried by received RF signals to be lost during the information decoding process [9] . Other design considerations for RF energy harvesting receivers are the different functionality of the antennas used by the information transceiver and the energy harvester in addition to the considerably different power sensitivities of receivers, i.e., −20 to −10 dBm for energy harvesting and −60 dBm for information decoding [10] . This led to the design of two practical receiver architectures, namely the Time Switching (TS) and the Power Splitting (PS) receiver architectures.
The TS receiver alternately switches between harvesting energy and decoding information according to a TS ratio, α. The received RF signal is first sent to the energy harvesting receiver for an amount of time αT , and then to the information receiver for the remaining time (1 − α)T . In the PS receiver, the power of the incoming signal is split into two streams according to the PS ratio, ρ. A portion, √ ρ, of the received signal is sent to the energy harvesting receiver and the remaining portion, √ (1 − ρ), of the signal drives the information receiver. Such receivers have been widely adopted in the literature [11] - [14] . Based on those designs, time switching relaying (TSR) and power splitting relaying (PSR) protocols have been proposed in [13] for RF energy harvesting in cooperative relay networks.
In [15] , the outage probability and the throughput were studied in the delay-sensitive transmission mode for a decode-and-forward (DF) wireless relay network (WRN) with one source-destination pair, a relay which harvests RF energy from the source signal, and an interferer node. In this paper, we consider multiple source-destination pairs assisted by one energy-constrained relay which harvests RF energy from the source transmissions in the presence of an interfering signal. One challenge in a scenario with multiple source-destination pairs and one relay, is to allocate the relay's power among the different relay-destination links to achieve some desired objective. SWIPT is studied in a cooperative clustered WSN in [16] , where energy-constrained relays harvest RF energy from the source node transmissions, to prolong their lifetimes. The optimal transmission power, relay selection and PS ratio are determined so as to maximize the energy efficiency of the system.
Recently, several contributions in RF energy harvesting in relay networks over Rayleigh fading channels have been studied [17] - [19] & [21] - [23] . In [17] , the authors study the power allocation problem in a DF WRN with multiple sourcedestination pairs and one RF energy harvesting relay. Two centralized allocation schemes based on equal power allocation and sequential waterfilling are studied, as well as an auction-based allocation strategy to realize distributed power allocation. The analysis in [17] shows that the waterfilling scheme is optimal in terms of the outage probability for the source-destination pairs with the worst link qualities, while the auction-based scheme can achieve close to optimal performance. The study in [18] focused on maximizing the data rate per unit energy in both amplify-and-forward (AF) and DF cooperative networks with multiple source-destination pairs and one energy harvesting relay. A closed-form solution for the optimal power allocation scheme is obtained for the non-cooperative case, i.e., when the relay harvests energy and forwards information from the i-th source to the i-th destination. An energy cooperation scheme is applied at the relay node to find the optimal PS ratio for the cooperative transmission case. The optimization problem in [18] is nonconvex, and is solved using an iterative algorithm where the update in each iteration consists of a group of convex problems with a continuous parameter. It is shown in [18] that the solution can converge rapidly to the optimum. The results show that the proposed algorithm can enhance the system sum-rate compared to the non-cooperative scheme.
The spatial randomness of user locations is taken into account in [19] when the outage probability is derived for a cooperative network with multiple source-destination pairs communicating with each other via an energy harvesting relay. In [19] , the cooperation among users is modeled as a canonical coalitional game. Efficient power allocation schemes for multi-user AF WRNs are developed in [20] according to several different objectives: (1) the minimum Signal-to-Noise Ratio (SNR) among all users is maximized, (2) the maximum transmit power over all sources is minimized and (3) the network throughput is maximized. Moreover a joint admission control and power allocation algorithm for the system is proposed. Power allocation schemes to maximize the minimum rate among all users as well as to maximize the weighted-sum of rates have been proposed in [21] for wireless multi-user AF relay networks. A distributed algorithm was also developed using the dual decomposition approach for the problem of maximizing the weighted-sum of rates. The study in [22] considers a multi-user singlerelay AF network, and uses game theory to derive the power allocation of the relay power among the users. However, energy harvesting is not considered in [20] - [22] .
A. MOTIVATION AND CONTRIBUTIONS
The motivation behind using RF energy harvesting in WRNs is due to the intermittent nature of renewable energy sources and the limited energy storage capacity of relay/sensor nodes. Therefore, RF energy harvesting in such networks can act as an external charging mechanism which prolongs the lifetime of the network and enables information relaying. In our work, we consider the presence of interference in addition to the noise in the system when evaluating the outage probability performance as opposed to previous works which consider noise only [17] - [22] . Since the RF signal propagates freely over space, such interference would be present in most cases, especially in networks whose nodes are in close proximity such as in WSNs. When interference is considered, the outage probability depends on the channel gains as well as the distances from the interferer node to the relay node and the intended destination node. Since the noise power is considered constant, the effect of interference should be studied. Moreover, in our work we assume knowledge of the statistical CSI only since knowledge of the instantaneous CSI may incur extra system overhead.
In this paper, we consider a cooperative DF WRN with multiple source-destination pairs, one energy harvesting relay and one interferer node. The relay harvests RF energy from the source transmissions based on the PSR protocol. Shared and non-shared allocation schemes are studied to allocate the relay's harvested energy among the different relaydestination links. Our main figures of merit are the outage probability, throughput in the delay-sensitive mode and fairness. VOLUME 5, 2017 The main contributions of this paper are summarized as follows:
• A non-shared power allocation scheme is studied, in which the DF relay harvests RF energy from the i-th source and uses this harvested energy to power the relaying transmissions to the corresponding i-th destination. We derive an exact expression for the system outage probability achieved by such a scheme. We also derive a closed-form expression for the outage probability when we neglect the effect of noise in the system.
• We investigate the performance of several shared power allocation schemes. In such schemes, the relay harvests energy from all sources first, then distributes the energy harvested among the relay-destination links according to some criteria. First, we consider an equal power allocation (EPA) scheme [17] , in which the relay divides the harvested energy from all the sources equally among the relay-destination links. Another power allocation scheme, the relay-destination channel dependent (RDCD) scheme, is proposed and studied, in which the relay allocates the minimum power required for the user with the best Signal-to-Interference ratio (SIR) first, followed by the user with the second best SIR if there is any energy left at the relay, and so on. If the relay has energy left over after all users have been allocated their minimum required powers, the residual energy is equally divided between relay-destination links. We also examine two other power allocation schemes: the first scheme maximizes the minimum rate of all relay-destination links (MMRD), and the second scheme uses a weighted-sum-rate maximization of all relay-destination links (WSRM).
• We derive the outage probability for each of the aforementioned shared allocation schemes. Our results show that the shared power allocation schemes can always outperform the non-shared power allocation scheme at the cost of statistical CSI knowledge. We also illustrate the trade-off between the throughput and fairness of the studied shared allocation schemes. For example, MMRD achieves the best fairness at the expense of decreased throughput, while RDCD achieves the highest throughput at the expense of decreased fairness. This trade-off allows us to take the priority of performance measures into account when designing resource allocation schemes.
• We examine the outage probability performance for different interference-to-noise ratios. The results show that for the same total interference and noise power, the outage probability is generally higher as the fraction of interference power increases. The remainder of this paper is organized as follows. The system model is described in Section II. The outage probability and the throughput of the non-shared power allocation scheme as well as of those of several shared allocation schemes are analyzed in Section III. Numerical results and discussion are presented in Section IV, followed by concluding remarks in Section V.
II. SYSTEM MODEL
We consider a wireless cooperative network with N sourcedestination pairs denoted by S i − D i , i = 1, . . . , N , one energy harvesting relay R and an interferer node I, as shown in Fig. 1 . There is no direct link between the sourcedestination pairs so that each source communicates with its intended destination via the relay. 1 The cooperative transmission divides the transmission time slot into two halves, each of duration Fig. 2 . All link gains are assumed to be independent with each experiencing Rayleigh block fading [24] - [26] . The relay harvests RF energy from the source transmissions using the PSR protocol since it was found to outperform the TSR protocol in DF relay networks [14] .
We neglect the effect of the RF energy harvested from the interferer node since we assume that the RF energy harvested from the source signal is much higher. In the PSR protocol, the relay splits the received signal power, P s,i , from the i-th transmitter into two streams. An amount ρ i P s,i is used for energy harvesting, while the remaining amount (1 − ρ i )P s,i is used for information decoding, where ρ i is the PS ratio for the i-th user pair.
The channel gains from source S i to relay R and from relay R to destination D i are denoted by |h i | 2 and |g i | 2 , with means λ i and ω i , respectively. The link gains from interferer I to relay R and from interferer I to destination D i are denoted by |f 0 | 2 and |f i | 2 , with means ν 0 and ν i , i = 1, . . . , N , respectively. The distance between I and R is denoted by d 1 , while the distance between I and destination D i is denoted by d 2,i . The distance between source S i and R is denoted by d 3,i , and the distance between R and destination D i is denoted by d 4,i . The interference powers received at the relay and the i-th destination are given by
where P I is the interferer transmit power, and m is the path loss exponent. The portion of the received signal from source node S i which is used for information decoding at the relay node is given by
where P s,i is the transmission power of the i-th source, x s,i is the signal transmitted by the i-th source with |x s,i | 2 = 1 and n r,i is the additive white Gaussian noise (AWGN). The data rate from the i-th source to the relay R is given by [30] 
where P n is the noise power. Assuming that R = log 2 (1+ γ th ) is the minimum achievable data rate at the relay, the parameter ρ i can be adjusted to satisfy R r,i = R as
From (5), if the PS ratio ρ i is chosen such that ρ i > ρ * i , there will not be enough power for successful information decoding at the relay. In case we need to ensure successful decoding at the relay, the PS ratio should be adjusted such that ρ i ≤ ρ * i , given that statistical CSI of the S i −R and the I − R links is available, i.e., average channel gains. The total energy harvested by the relay should be allocated to different users in such a way as to achieve a certain overall objective for the relay network. The chosen objective aims at enhancing a desired performance measure, which in turn determines the optimal power allocation scheme. We first consider a non-shared power allocation scheme, followed by several shared allocation schemes. A performance comparison of the considered schemes is then presented.
III. POWER ALLOCATION A. NON-SHARED POWER ALLOCATION SCHEME (NSPA)
The simplest way to use the relay's harvested energy is to consider that there is no cooperation between the different N source-destination pairs, i.e., the energy harvested from the i-th source is used by the DF relay as its transmit power for information transmission to the i-th destination. Then, the instantaneous relay transmit power for the i-th destination is given by
where 0 ≤ η ≤ 1 is the energy conversion efficiency. For notational simplicity we define
and |F 0 | 2 respectively. The Signal-to-interference-plus-noise ratio (SINR) at the relay and at each of the destinations can be expressed as
where
The outage probability for the DF relay network is expressed as
Conditioning the outage probability expression on X i , we can express P out,i as
Letting,
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. Also,
and c i =
. Thus, we can write P out,i as
To simplify the integral in (13), we neglect the effect of noise in our model. This can be justified by assuming that the interference power is more dominant in the system, i.e., P n = 0. We present a comparison in Section IV, in which we compare between the effect of the noise power and the interference power on the system performance. The SIRs at the relay and each of the destinations can be expressed as
. The outage probability in (9) can be derived similarly using the previous approach and expressed as [28] 
Proof: See Appendix A. where
t dt is the exponential integral function [29] , c i =
The throughput in the delay-sensitive transmission mode, in units of bit/s/Hz, for pair S i −D i is defined as the maximum constant rate that can be maintained over fading blocks with a specified outage probability. We define the maximum constant rate as R ds = log 2 (1 + γ th ) which is the capacity corresponding to the SNR γ th , i.e., the throughput is given by [13] 
In the NSPA scheme, the PS ratio for every S i −D i pair can be chosen separately. The PS ratio, ρ i , can be found by solving the following problem
where R i = min 1 2 log 2 1 + R,i , 1 2 log 2 1 + D,i , and is defined as the system rate for the i-th user pair. Therefore the optimal solution is when the S i −R rate is equal to the R − D i rate. Since we only know the statistical CSI, then we won't get an exact optimal PS ratio. Therefore, the suboptimal PS ratio resulting in the maximum average sum-rate for the NSPA scheme is found as 1 2 log 2 1
whereX is the mean of the rv X .
B. SHARED POWER ALLOCATION
In the shared power allocation schemes, the relay harvests energy from the N sources. The total energy harvested at the relay node is given by
We wish to study how the total energy at the relay should be distributed among the various R − D links. We will consider (1) an equal power allocation scheme, (2) a power allocation scheme which assigns power to each R − D link based on the link quality, (3) a power allocation scheme which maximizes the minimum R − D rate and (4) a power allocation scheme which maximizes a weighted-sum-rate of all R − D links.
1) EQUAL POWER ALLOCATION (EPA)
In equal power allocation (EPA), the relay distributes the energy harvested from all source transmissions equally among all R − D links. The relay transmit power for any of the R − D links is given by
where we will assume that the transmit powers of all sources are the same, i.e., P s,i = P s as well as the source-relay distances d 3,i = d 3 to simplify the analysis. It follows from (5) , that the PS ratio at the relay can be chosen to be the same for all S − R links. Compared to the NSPA scheme, this scheme can reduce the outage probability for links with poor channel conditions. The SIRs at the relay and each of the destinations are
where W = N i=1 X i is the sum of N independent exponential rv's and hence has a chi-square distribution [27] . Assuming that the different S − R channel gains are independent and identically distributed, i.e., λ 1 = λ 2 = . . . = λ i = λ, then the probability density function (PDF) and the cumulative distribution function (CDF) of W are given by
and
where (.) denotes the complete gamma function and (., .) denotes the incomplete gamma function [29] . From (22) and (23) , it can be seen that in the EPA scheme, R,i and D,i are not independent in general. Hence, the outage probability in (9) can be expressed as
where c i = 
From (27) and (29) the outage probability can be found as
Now we assume R,i and D,i in (22) and (23) are independent, then we evaluate the approximate outage probability and compare it with the exact outage probability obtained assuming dependent SIRs at the relay and destination. The outage joint probability in (9) assuming independent SIRs can be expressed as
In ( 
In Fig. 3 we plot the outage probability versus ρ assuming there are two S − R − D links, i.e., N = 2, in order to compare the exact and approximate expressions in (30) and (31) respectively. It can be observed from Fig. 3 that, for the assumed system parameter values in Table 1 in Section IV, the exact outage probability is nearly the same as the approximate outage probability obtained by assuming that R,i in (22) and D,i in (23) are independent. Hence, for simplicity, we will use the independent SIR approximation for the EPA, MMRD and WSRM schemes in the rest of this paper.
For this power allocation scheme and hereafter, the achievable throughput for the delay-sensitive transmission mode is obtained by evaluating the outage probability P out,i and substituting it in the throughput expression in (17) .
2) R − D CHANNEL DEPENDENT POWER ALLOCATION (RDCD)
In the R − D channel dependent (RDCD) scheme the relay's harvested energy for the i-th link depends on the R − D i channel gain as well as the corresponding interference channel VOLUME 5, 2017
FIGURE 3.
Comparison between exact and approximate outage probability expressions in (30) and (31) respectively for the EPA scheme.
gain, i.e., |g i | 2 and |f i | 2 respectively. In the RDCD scheme, the statistical CSI is assumed to be available at the relay. The data rate at the i-th destination is
For a minimum achievable data rate, R i,d = R, the minimum average required power for the R − D i channel is given by
Assuming that the N sources are capable of delivering information to the relay reliably, and that D,1 is better than D,2 on average, all the way till D,N , then the minimum average required relay transmission power, i.e., P r,i , for the N destinations can be expressed as
In the RDCD scheme, the relay allocates the minimum average required power to the R − D channel with the highest average SIR, by allocating a power of
to it. This process is repeated for the R − D channel with the next highest average SIR until either link R − D N is allocated its minimum average required power, or the relay does not have enough energy left. If the energy at the relay is less than P r,i min given in (36), the relay still allocates that power for the link R − D i , aiming that at some channel instances this power would be sufficient to not cause an outage. In case the relay has some remaining energy after allocating the minimum required powers for all R − D links, this residual energy is equally distributed among all R − D channels. Distributing the residual energy increases the SIRs of the R − D links, which helps to reduce the corresponding outage probabilities.
To derive an expression for the outage probability, we first express the SIRs at the relay as well as at the destination D i as
Since R,i in (38) and D,i in (39) are independent, the outage probability can be obtained as
3) MAX-MIN R − D RATE POWER ALLOCATION (MMRD)
In the max-min R − D rate (MMRD) scheme, the relay's harvested energy is divided among its links to the different destinations so as to maximize the minimum destination SIR, i.e.,
The parameter θ i is the fraction of the total relay transmit power, P r , allocated to the R − D i link. To obtain a closedform expression for θ i , the optimization problem in (41) can be expressed as follows [31] 
By applying the Karush-Kuhn-Tucker (KKT) conditions a closed-form expression for θ * i can be found as,
Using the constraint
We now derive an expression for the outage probability. The exact outage probability expression can be found by considering R,i in (38) and D,i in (43) to be dependent, and substituting their corresponding parameters in (30) . In order to obtain a closed-form expression for P out , we assume R,i and D,i are independent in line with our previous approximation in section III-B-1). The approximate outage probability can therefore be obtained as
and a = 1 λ . Note that the MMRD improves the performance for the poor users, but this may lead to a decrease in the total network throughput.
4) WEIGHTED-SUM-RATE MAXIMIZATION OF ALL R − D LINKS POWER ALLOCATION
In the weighted-sum-rate maximization (WSRM) scheme, the relay's total harvested energy is divided among the links to the different destinations, so as to maximize the weightedsum-rate of all the R − D links. The WSRM can achieve a certain level of fairness [32] for different R − D links by allocating large weights to links with bad channel conditions, while maintaining good network performance. The corresponding optimization problem can be stated as
where µ i denotes the weight for the link R − D i . The optimization variable θ i is the fraction of the total relay transmit power, P r , allocated to the link R − D i , and R i,d is the rate achieved on the link R − D i , as given by (42). We can rewrite the above optimization problem in terms of the variable θ i as max
The problem in (50) is convex since the objective function is concave and the constraint is affine. The Lagrangian function [31] is given by
Since the problem is convex, we can find its optimal solution by using KKT conditions [31] which are
From (52) and (53) we can write
Since θ * i ≥ 0, then by looking at (54) the weights should be chosen such that
The choice of µ i 's can be fixed and chosen such that channels with unfavorable conditions have larger µ i 's than those with better conditions as discussed earlier. We can also choose the values of µ i 's according to some criteria. For example, as long as the condition in (55) is satisfied, we could choose
which correspond to assigning higher weights to the R − D links achieving lower rates. The outage probability and throughput expressions for the WSRM scheme can be evaluated in a similar way to the MMRD scheme. The exact outage probability expression can be expressed as in (30) with the parameters ρ R , ρ D,i , and c i as defined in the MMRD scheme. The approximate outage probability expression is given by (48) in case of assuming independent R,i and D,i . The similarity between the MMRD and the WSRM schemes can be observed since R,i and D,i are the same for both schemes, and are given by (38) and (43) respectively. The only difference is in evaluating the variable θ i , since the objective functions for WSRM and MMRD are different. In addition to the outage probability and throughput, an important performance measure is the fairness which is often measured using the fairness in [32] 
.
(57)
IV. NUMERICAL RESULTS
In this section, we compare the performances of the five different power allocation schemes discussed in Section III, in terms of outage probabilities, throughputs, and fairness. For simplicity, we assume that the distances between all source nodes and the relay node are equal, the distances between the relay node and all destination nodes are equal, and the distances between the interferer node and all destination nodes are equal. The number, N , of source-destination VOLUME 5, 2017 pairs is set to 5, and we assume that the R − D i channel quality is non-increasing with i ∈ {1, 2, . . . , 5}, i.e., the R − D 5 channel has the lowest average SIR. The channel gains from the sources to the relay are assumed to be independent and identically distributed, i.e., λ 1 = λ 2 = . . . = λ 5 = λ. The energy harvesting efficiency η is 1 and the SIR threshold value γ th is 0 dB. The parameter values used in our simulations are summarized in Table 1 . In Fig. 4 , we show the outage probability performance in (13) for the S 5 −R − D 5 pair using the NSPA scheme assuming the presence of interference as well as Gaussian noise. We plot the outage probability for different interference-to-noise ratios, i.e., P I P n , while ensuring that the total interference power and noise power remains fixed for all ratios. It can be seen from the figure that the outage probability performance changes as the ratio
changes. Our results demonstrate that as the interference power becomes more dominant, the outage probability is generally higher. Therefore, the effect of the interference power differs from the effect of the noise power on the outage performance.
In order to see how will the value of ρ * i,NSPA in (19) (which maximizes the average sum-rate) minimize the outage probability, we plot the outage probability versus the PS ratio, ρ, for the NSPA scheme in Fig. 5 . Table 2 shows the suboptimal PS ratios for the sum-rate optimization problem in (18) (column 2) as well as the corresponding outage probabilities evaluated using (16) (column 3). It can be observed that the minimum achievable P out (column 4) for S 2 −R − D 2 , S 3 −R − D 3 and S 4 −R − D 4 is quite similar to that obtained using ρ * i . A plot of the outage probability P out versus ρ for the NSPA and the EPA schemes is shown in Fig. 6 for all five S − R − D links. It can be seen that there is a good match between the simulation and analytical results. The results show that the EPA scheme has a lower outage probability than the NSPA scheme for all five S − R − D channels. Moreover, it can be observed that the P out gap between the NSPA and EPA schemes decreases as the R − D link quality becomes better. This shows that R − D links with poor channels experience reduced outage probabilities when considering the EPA scheme versus the NSPA scheme. The observed performance improvement can be achieved without the need to know the R − D statistical channel CSI for the EPA scheme, making it an attractive power allocation scheme. Fig. 7 , shows the outage probability P out as a function of ρ for the EPA and RDCD schemes. It can be seen that the channels with high SIRs experience nearly the same outage probability with the two schemes, namely S 1 −R − D 1 and S 2 −R − D 2 . The RDCD scheme has a lower P out for channels with low SIRs. This comes at the cost of higher complexity since the RDCD scheme requires some knowledge of the statistical CSI of all wireless links. by the dashed curves) results in the same outage probability P out values for all five S − R − D links. This is to be expected since the rate (throughput) decreases monotonically with P out and given that the MMRD is a max-min rate scheme. The MMRD scheme results provides a lower P out for the worst channels at the expense of the better channels.
Since the RDCD scheme provides the lowest average P out among the schemes considered so far, we compare it against the WSRM scheme in Fig. 9 . Recall that in WSRM, the weights are dynamically varied, as proposed in (56). Fig. 9 shows that the RDCD scheme is better in terms of outage probability. However, it was found that the WSRM scheme provides a lower average P out than the NSPA, EPA and MMRD schemes. A comparison of Figs. 9 and 7 shows that the EPA scheme yields a lower P out than the WSRM scheme for the good links, namely S 1 −R − D 1 and
In order to illustrate the effect of using constant weights versus dynamic weights in the WSRM scheme, we compare their outage probabilities in Fig. 10 . The values for the constant weights are chosen such that larger weights are assigned to links with worse channel conditions to reduce their P out . This comes at the cost of increased P out for the better links. From extensive simulation results, we found the constant weights which achieve an average outage probability within 0.04 of that of the RDCD scheme are, µ 1 = 1, µ 2 = 1.5, µ 3 = 2, µ 4 = 2.5 and µ 5 = 3. We also used these values as the initial values for the dynamic weights which are then updated using (56). Fig. 10 shows that using constant µ i 's yields a slightly lower P out than using dynamic µ i 's for the worse links, and slightly higher P out for the better links. The advantage of using dynamic weights over constant weights in the WSRM scheme, is assigning weights to the different links such that their channel conditions are taken into account, thus making use of the statistical CSI availability.
From Figs. 6 -10, we observe that the studied shared allocation schemes outperform the NSPA scheme. The RDCD scheme yields the lowest average P out , followed by the WSRM scheme with constant weights which has a slightly lower average P out than the WSRM with dynamic weights. The EPA scheme has the next lowest average P out , while it achieves a similar P out performance as the RDCD scheme for the high SIR links. The MMRD has the highest average P out among the shared allocation schemes considered. Fig. 11(a) shows the throughput of the worst user as a function of the source power, P s , for the five power allocation schemes. It can be seen that the MMRD scheme results in the highest worst user throughput. This is to be expected since the MMRD tries to maximize the worst R − D rate. The NSPA scheme has the lowest worst user throughput. The EPA scheme has the next lowest worst user throughput as it allocates an equal power to each link regardless of the channel condition. The RDCD scheme and the WSRM scheme with dynamic and constant weights nearly have a similar performance in terms of the worst user throughput.
In Fig. 11(b) , we show the total network throughput, i.e., N i=1 τ ds,i , as a function of the source power, P s , for the five power allocation schemes. It can be seen that the NSPA scheme yields the worst network throughput. The next worst network throughput is achieved by the MMRD scheme, as its objective is to enhance the worst user performance. The best network throughput is achieved by the RDCD scheme. The WSRM scheme has a slightly lower network throughput than the RDCD scheme. In practice, it is important to consider other possible performance measures, such as the fairness index F I as defined in (57) and plotted in Fig. 12 . As expected, the MMRD scheme provides the best fairness at the cost of a lower throughput. The next best allocation scheme in terms of fairness is the WSRM with constant µ i 's first, followed by the WSRM with dynamic µ i 's. The least fair scheme is the EPA. Table 3 shows the relative rankings of the different shared allocation schemes in terms of throughput, fairness and outage probability. Note that the performance of the WSRM scheme depends on the choice of the weights, which we chose to achieve a reasonable average outage probability compared to other schemes.
V. CONCLUSION
Several power allocation schemes were studied for a DF WRN in which multiple source-destination pairs communicate via an energy-constrained relay which harvests RF energy from the source transmissions. Expressions for the outage probability and the throughput in the delay-sensitive transmission mode were derived. Shared power allocation schemes are found to outperform the non-shared allocation scheme in terms of average outage probability. Numerical results show an interesting trade-off between the throughput and the fairness of the different shared allocation schemes. The RDCD scheme achieves the highest throughput at the
